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HIGHLIGHTS 


•  The  elastic  constants  of  6ScSZ  and  6SclCeSZ  were  measured  from  RT  up  950  °C. 

•  We  determined  the  fracture  toughness  of  four  zirconia  compounds  from  RT-850  °C. 

•  Sub  critical  crack  growth  parameters  were  determined  at  elevated  temperatures. 

•  We  found  that  the  fracture  toughness  can  be  obtained  from  strength  measurements. 

•  At  T  =  850  °C  the  cubic  lOSclCeSZ  can  be  as  reliable  as  the  tetragonal  3YSZ  and  6ScSZ. 
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Solid-Oxide-Fuel-Cell  systems  are  efficient  devices  to  convert  the  chemical  energy  stored  in  fuels  into 
electricity.  The  functionality  of  the  cell  is  related  to  the  structural  integrity  of  the  ceramic  electrolyte, 
since  its  failure  can  lead  to  drastic  performance  losses.  The  mechanical  property  which  is  of  most  interest 
is  the  strength  distribution  at  all  relevant  temperatures  and  how  it  is  affected  with  time  due  to  the 
environment. 

This  study  investigates  the  impact  of  the  temperature  on  the  strength  and  the  fracture  toughness  of 
different  zirconia  electrolytes  as  well  as  the  change  of  the  elastic  constants.  3YSZ  and  6ScSZ  materials  are 
characterised  regarding  the  influence  of  sub  critical  crack  growth  (SCCG)  as  one  of  the  main  lifetime 
limiting  effects  for  ceramics  at  elevated  temperatures.  In  addition,  the  reliability  of  different  zirconia 
tapes  is  assessed  with  respect  to  temperature  and  SCCG.  It  was  found  that  the  strength  is  only  influenced 
by  temperature  through  the  change  in  fracture  toughness.  SCCG  has  a  large  influence  on  the  strength  and 
the  lifetime  for  intermediate  temperature,  while  its  impact  becomes  limited  at  temperatures  higher  than 
650  °C.  In  this  context  the  tetragonal  3YSZ  and  6ScSZ  behave  quite  different  than  the  cubic  lOSclCeSZ,  so 
that  at  850  °C  it  can  be  regarded  as  competitive  compared  to  the  tetragonal  compounds. 
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1.  Introduction 

Electrolyte  supported  solid  oxide  fuel  cells  (SOFCs)  are  state  of 
the  art  electro-chemical  devices,  which  are  employed  for  the  effi¬ 
cient  conversion  of  chemical  energy  stored  within  a  fuel  (e.g.  nat¬ 
ural  or  bio  gas)  into  electricity.  Such  systems  contain  many  ceramic 
components,  which  have  to  maintain  their  structural  integrity  in 
order  to  function  properly  throughout  the  whole  targeted  lifetime. 
Here  the  electrolyte  is  responsible  for  the  cells  structural  integrity, 
while  physically  separating  the  fuel  and  the  air  from  one  another 
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and  providing  a  sufficient  ionic  conductivity.  If  the  separation  is  not 
maintained,  intra  cellular  leakage  will  negatively  affect  the  cell  and 
stack  performance  instantaneously,  which  is  the  case,  if  the  elec¬ 
trolyte  fractures. 

In  order  to  predict  the  risk  of  failure  a  prospective  electrolyte  has 
to  be  properly  characterized  regarding  its  mechanical  behaviour 
within  a  system  specific  environment,  which  is  characterised  by 
mechanical  stresses,  temperature  and  the  presence  of  chemically 
active  species.  Since  the  state  of  the  art  electrolytes  are  brittle  ce¬ 
ramics,  such  as  zirconia  and  ceria-gadolinia,  the  strength  depends 
in  principle  on  two  material  specific  features:  the  flaw  size  and 
shape  distribution,  within  the  components  volume  or  at  the  sur¬ 
face,  and  its  fracture  toughness  1  .  Both  are  first  of  all  influenced  by 
the  material  selection,  processing  and  handling  but  also  later  on  by 
the  exposure  to  a  system  specific  environment,  where  mechanical 
stresses,  elevated  temperatures  and  the  contact  with  other  com¬ 
ponents  may  alter  these  properties  either  instantaneously  or  with 
time.  For  instance  sub  critical  crack  growth  (SCCG)  [2—5]  and  cracks 
growing  from  the  electrodes  into  the  electrolyte  [6,7]  in  combina¬ 
tion  with  an  applied  stress  influence  the  flaw  size  distribution 
whereas  temperature  itself  changes  the  toughness.  Ageing  effects 
which  are  diffusion  controlled  and  thus  time  dependent  processes 
may  also  decrease  or  increase  the  materials  resistance  towards 
fracture  [8-10]  or  change  the  stress  state  due  to  creep  relaxation. 
All  these  aspects  have  to  be  considered,  when  assessing  the  reli¬ 
ability  of  a  ceramic  component,  while  the  proper  and  accurate 
determination  of  the  initial  strength  distribution,  which  reflects  the 
initial  flaw  size  distribution,  is  the  most  crucial  one.  A  compre¬ 
hensive  overview  of  the  available  strength  data  of  commercial  and 
experimental  yttria  stabilized  zirconia  and  ceria-gadolinia  tapes 
was  given  by  Nakajo  et  al.  [11  ],  while  scandia  stabilized  zirconia  has 
received  less  attention  [12-14  .  Studies  investigating  the  specific 
reliability  of  anode  supported  SOFCs  for  a  given  load  environment 
were  already  undertaken  by  Nakajo  et  al.  and  Clague  et  al.  15,16]. 
However  they  lack  a  sound  knowledge  of  the  aforementioned 
material  specific  behaviour,  simply  due  to  the  huge  effort,  which  is 
required  to  thoroughly  gather  all  necessary  parameters. 

Hence  this  study  aims  to  provide  understanding  on  how  the 
temperature  influences  the  mechanical  properties  such  as  strength, 
fracture  toughness,  sub  critical  crack  growth  and  the  elastic  con¬ 
stants  of  zirconia-based  SOFC  electrolytes.  The  emphasis  here  lies 
on  the  characterization  of  scandia  doped  zirconia  electrolytes, 
which  are  known  for  their  high  ionic  conductivity  [17]  and  3  mol% 
yttria  stabilized  zirconia  (3YSZ)  as  a  reference  material.  The  reli¬ 
ability  of  these  tapes  is  discussed  considering  thermal  stresses  and 
clamping  loads  and  the  evolution  of  their  strength  at  elevated 
temperatures  taking  sub  critical  crack  growth  and  the  change  of  the 
elastic  constants  into  account. 

2.  Experimental 

The  experimental  investigation  is  centred  on  four  different  zir¬ 
conia  compounds.  The  tape  samples  of  6ScSZ  (commercial  code:  FF- 
2003501),  6SclCeSZ  (FF-2003507),  lOSclCeSZ  (FF-2003505)  and 
3YSZ  (FF-2003504)  were  supplied  by  Hexis  (Winterthur, 
Switzerland)  and  had  a  nominal  thickness  of  160,  110,  230  and 
140  pm  respectively. 

The  elastic  constants  of  3YSZ,  6ScSZ,  6SclCeSZ  were  measured 
at  various  temperatures  using  the  Impulse-Excitation-Technique 
(IET)  as  described  in  Ref.  [18  ,  while  bearing  the  rectangular 
plates  (12  x  45  x  3.25  mm)  either  on  a  cross  or  two  parallel  bars  in 
order  to  measure  either  their  flexural  or  torsional  frequencies  in 
accordance  with  the  EN  843-2  standard.  These  frequencies  are  then 
converted  into  the  Young's  and  shear  modulus  following  the 
approach  of  Spinner  and  Tefft  19].  The  samples  were  manufactured 


Fig.  1.  Young's  and  shear  modulus  at  varying  temperatures  for  3YSZ,  6ScSZ  and 
6SclCeSZ  including  the  standard  deviation  of  each  measurement.  A  reference  curve  is 
taken  for  3YSZ  from  Ref.  [22  ,  while  the  values  of  lOSclCeSZ  are  taken  from  Ref.  [23]. 

via  uniaxial  pressing  and  sintering  from  the  same  powder  (also 
supplied  from  Hexis)  as  was  used  for  the  respective  tapes,  except 
for  3YSZ,  which  was  purchased  from  Tosoh  (Tokyo,  Japan).  The 
powders  have  an  average  grain  size  between  0.5  and  0.6  pm  and 
were  sintered  at  1580  °C  for  2  h.  The  sample  densities  were 
determined  via  the  dimensions  and  the  weight  and  are  greater  than 
98%  of  the  theoretical  density. 

Ball-on-3-Balls  (B3B)  tests  were  conducted  on  rectangular 
specimens  as  described  in  Ref.  20].  For  3YSZ,  6ScSZ,  lOSclCeSZ  the 
rougher  tape  side  (side  which  was  cast  onto  the  support  foil)  and 
for  6SclCeSZ  the  dull  appearing  side  (side  which  was  opposite  to 
the  support  foil  during  the  casting  process)  was  consequently 
tested.  If  otherwise,  it  is  explicitly  mentioned.  The  strength  analysis 
of  these  bending  tests  is  based  on  the  work  of  Borger  et  al.  [21  , 
where  the  maximum  principle  stress  <7max  is  related  to  the  fracture 
force  F  by: 


^max  —  0) 

where  t  is  the  specimen  thickness  and  /  is  a  dimensionless  pro¬ 
portionality  factor,  which  depends  on  the  thickness,  size  and 
Poisson's  ratio  of  the  specimen  and  the  diameter  of  the  balls.  This 
factor  and  the  corresponding  effective  surface  area  have  been 
calculated  for  balls  with  a  diameter  of  2.2  mm  and  plates  of 
4x3  mm2  using  the  same  finite  element-model  as  in  Ref.  [20],  with 
the  same  test  rig  as  described  in  Ref.  [13  .  The  results  are  comprised 
in  following  sample  and  test  rig  specific  fit-function: 


(2. 914+9. 96 mm-1 1  — 4.65mm-2 12)  (1+0.939+) 

+  1+9. 63mm-1 1 

(2) 

which  for  thicknesses  between  0.1  <  t  <  0.4  mm  and  a  Poisson's 
ratio  between  0.2  <  v  <  0.4  expresses/with  an  error  of  less  than  1%: 

All  B3B-tests  have  been  performed  in  a  force  controlled  mode 
providing  a  constant  force  rate  (N  s-1)  during  each  test.  Using 
Equations  (1)  and  (2)  the  applied  load  rate  (MPa  s_1)  can  be  ob¬ 
tained,  which  was  between  700  and  1000  MPa  s-1  (so  that  fracture 
occurred  in  less  than  2  s),  if  not  mentioned  otherwise. 
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3.  Results 

3.2.  Elastic  constants  as  a  function  of  temperature 

In  order  to  describe  the  elastic  behaviour  of  thin  plates  the 
Young's  modulus  and  the  Poisson's  ratio  have  to  be  known  and 
since  electrolytes  are  operated  at  elevated  temperatures,  their 
elastic  constants  also  have  to  be  known  at  these  conditions.  Fig.  1 
shows  the  results  of  the  IET  experiments.  Additionally  the 
Young's  modulus  of  3YSZ  is  plotted  according  to  Giraud  and  Canel 
[22],  which  was  measured  using  the  same  technique.  Furthermore, 
the  elastic  constants  of  lOSclCeSZ  are  shown,  which  were  taken 
from  Kushi  et  al.  [23]  and  which  will  be  used  for  the  following 
discussion  of  the  present  lOSclCeSZ  tapes. 

All  zirconia  compounds  display  the  same  behaviour,  while 
possessing  comparable  Young's  and  shear  moduli  up  to  a  tem¬ 
perature  of  250  °C.  While  3YSZ  then  continues  its  monotonic 
decay  agreeing  with  the  data  given  in  Ref.  22],  all  other  com¬ 
pounds  run  through  a  minimum  between  400  and  500  °C,  which 
becomes  more  pronounced  as  the  content  of  doping  is  increased. 
This  minimum  is  accompanied  by  increased  internal  friction  and 
damping  [23  .  This  damping  is  responsible  that  the  shear  modulus 
of  6ScSZ  cannot  be  obtained  by  the  applied  method  over  a  large 
temperature  range  between  300  °C  and  600  °C.  This  is,  because 
any  torsional  excitement  is  quickly  absorbed,  therefore  no 
torsional  vibration  of  the  sample  can  be  detected.  The  values  taken 
for  further  discussion  and  analysis  of  the  four  different  materials 
investigated  in  the  present  study  are  given  in  Table  1,  including  the 
standard  deviation  of  the  three  samples  from  this  study,  which 
was  calculated  from  at  least  ten  single  experiments  per  sample 
and  temperature. 

3.2.  High  temperature  inert  strength 

The  operating  temperature  of  electrolyte  supported  SOFCs  is 
typically  between  700  °C  and  900  °C,  while  the  trend  goes  to  ever 
decreasing  temperatures.  Therefore  the  strength  of  an  electrolyte 
has  to  be  known  over  the  temperature  range  from  room  temper¬ 
ature  to  operating  temperatures,  in  order  to  assess  its  suitability 
from  a  reliability  point  of  view.  For  this  purpose  the  four  different 
zirconia  compounds  were  investigated  regarding  their  material 
specific  temperature  dependent  strength.  Since  this  behaviour  does 
typically  not  depend  on  the  size  of  flaws,  the  B3B-test  was  adapted 
for  high  temperature  measurements  by  applying  a  test  rig  manu¬ 
factured  from  alumina.  For  every  temperature  step  at  least  10 
specimens  per  material  were  tested,  selecting  for  6ScSZ,  lOSclCeSZ 
and  3YSZ  the  rough  sides  of  the  tapes  and  for  6SclCeSZ  the  dull 
sides.  To  avoid  SCCG  all  tests  were  conducted  in  dry  argon  (80%)/ 
oxygen  (20%).  The  oxygen  was  to  ensure  that  zirconia  does  not  get 
reduced  at  the  surface,  since  it  is  unknown  how  this  would  affect 
the  strength  or  the  toughness. 


Table  2  shows  the  results  of  the  median  strength  for  different 
temperature  levels.  For  all  materials  30  specimens  were  tested  at 
RT,  which  resulted  in  a  Weibull  modulus  for  3YSZ,  6ScSZ,  6SclCeSZ 
and  lOSclCeSZ  of  m3Ysz,RT  =  20,  m^ scsz.rt  =  18,  m^ scicesz.RT  =  20  and 
mioscicesz.RT  =  11,  respectively.  For  6ScSZ  and  3YSZ  the  Weibull 
modulus  at  RT  was  reproduced  at  850  °C  testing  more  than  20 
specimens  (m3Y sz.sso  °c  =  20,  m6Sc sz.sso  °c  =  18),  which  supports  the 
assumption,  that  also  at  elevated  temperatures  the  distribution  and 
thus  failure  mechanism  does  not  change  and  the  same  flaws  are 
governing  fracture.  According  to  the  Griffith  criterion: 

K\c  =  CTfTSiCY\/7ZQ  (3) 

the  fracture  toughness  I<\c  is  proportional  to  the  fracture  stress  crfrac. 
Therefore,  the  change  in  strength  is  solely  attributed  to  a  change  in 
fracture  toughness,  making  it  possible  to  apply  the  following  rela¬ 
tion  as  a  consequence  of  Equation  (3)  between  the  strength  and  the 
toughness: 

<J\)  ME)  (4] 

*02)  i<]c(t2)  (  J 

so  that  the  temperature  dependency  of  the  toughness  can  be  ob¬ 
tained  (see  also  Table  2),  applying  the  RT  toughness  values  given  in 
Ref.  [13  .  Fig.  2  shows  the  toughness  normalised  to  the  RT- values. 
The  applicability  of  Equation  (4)  is  not  always  given,  since  flaws 
may  alter  with  temperature.  Comparing  however  the  dull  and  the 
rough  side  of  6ScSZ  and  taking  the  directly  measured  toughness  of 
3YSZ  into  account,  shows  that  for  zirconia  and  the  considered 
temperature  range  Equation  (4)  holds  and  delivers  values  within  a 
justifiable  error. 

It  is  remarkable  that  the  zirconia  compounds  consisting  pre¬ 
dominately  of  the  tetragonal  phase  behave  fairly  the  same, 
following  the  same  monotonic  decay,  which  is  probably  governed 
by  the  ability  of  the  tetragonal  phase  to  transform  into  the  mono¬ 
clinic  phase  and  leads  to  the  well-known  transformation  tough¬ 
ening  [25  .  The  higher  the  temperature  the  lower  the  driving  force 
for  this  transformation  and  hence  the  volume  fraction  at  a  crack  tip, 
which  transforms,  decreases  lowering  the  toughening  effect. 
lOSclCeSZ  does  not  possess  this  mechanism,  which  is  why  it  has 
the  lowest  toughness  to  begin  with.  Its  toughness  is  mainly  deter¬ 
mined  by  the  surface  energy,  which  together  with  the  fracture 
toughness  is  proportional  to  the  Young's  modulus  [26  .  Hence, 
lOSclCeSZ  follows  qualitatively  the  trend  of  its  Young's  modulus 
shown  in  Fig.  1,  which  is  in  agreement  with  the  strength  data, 
toughness  and  Young's  modulus  published  by  Orlovskaya  et  al.  [18] 
and  has  also  been  found  for  cubic  8YSZ  [2  . 

For  SOFCs  the  dominant  mechanical  loads  are  typically  defor¬ 
mation  controlled,  which  means  that  a  material  has  rather  to  sus¬ 
tain  a  certain  deformation  rather  than  a  force  or  stress.  This 
happens  for  thermal  stresses,  residual  stresses  within  the  cell  due 


Table  1 

Elastic  parameters  used  for  further  discussion  including  the  standard  deviation  given  in  the  brackets.  The  Poisson's  ratio  v  was  calculated  from  the  shear  (G)  and  the  Young's 
modulus  (£)  according  to  v  =  F/2G  -  l.Values  of  lOSclCeSZ  are  taken  from  Ref.  [23  . 


Temperature  (°C) 

3YSZ 

6ScSZ 

6SclCeSZ 

lOSclCeSZ 

£  (GPa) 

V 

£  (GPa) 

V 

£  (GPa) 

V 

£  (GPa) 

V 

25 

214.3  (±0.1) 

0.314  (±0.002) 

213.6  (±1.5) 

0.321  (±0.005) 

209.5  (±0.1) 

0.314  (±0.001) 

204.6 

0.345 

250 

195.2  (±0.8) 

0.312  (±0.002) 

194.2  (±1.4) 

0.280  (±0.01) 

191.9  (±1.4) 

0.314  (±0.004) 

185.0 

0.345 

350 

— 

— 

— 

— 

— 

— 

155.7 

0.361 

450 

182.5  (±0.1) 

0.336  (±0.002) 

156.2  (±7) 

0.3a 

146.2  (±0.2) 

0.340  (±0.01) 

80.9 

0.401 

650 

176.9  (±0.1) 

0.337  (±0.002) 

155.0  (±1.1) 

0.372  (±0.022) 

146.4  (±0.5) 

0.343  (±0.005) 

127.4 

0.411 

850 

173.6  (±0.1) 

0.334  (±0.001) 

160.1  (±1.1) 

0.340  (±0.006) 

148.9  (±0.1) 

0.308  (±0.001) 

161.9 

0.355 

a  Poisson's  ratio  of  6ScSZ  at  450  °C  was  estimated  due  to  the  non-applicability  of  the  IET-method  at  that  temperature. 
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Table  2 

Median  strength  for  varying  temperature  and  the  corresponding  fracture  toughness  calculated  according  to  Equation  (3)  from  high  temperature  strength  data. 


Temperature  (°C) 

3YSZ 

6ScSZ 

6SclCeSZ 

lOSclCeSZ 

050%  (MPa) 

/Cic  (MPa  m1/2) 

050%  (MPa) 

/Cic  (MPa  m1/2) 

050%  (MPa) 

/Cic  (MPa  m1/2) 

050%  (MPa) 

/Cic  (MPa  m1/2) 

25 

1595 

5.0a  (±0.24) 

1360 

4.1b  (±0.25) 

1929 

3.7b  (±0.1 ) 

665 

1.8b  (±0.17) 

250 

1548 

4.8 

1365 

4.1 

1872 

3.6 

668 

1.8 

350 

— 

— 

— 

— 

— 

— 

504 

1.4 

450 

1107 

3.5 

973 

2.9 

1374 

2.6 

364 

1.0 

650 

831 

2.6 

691 

2.1 

939 

1.8 

397 

1.1 

850 

685 

2.1 

499 

1.6 

756 

1.4 

463 

1.3 

950 

— 

1.9a  (±0.21) 

— 

— 

— 

— 

— 

— 

a  Values  taken  from  Ref.  [24  . 
b  Values  taken  from  Ref.  [13  . 


to  thermal  mismatch  strains  and  local  stresses  due  to  an  uneven 
clamping  of  the  cell  [27].  Since  clamping  loads  can  become  signif¬ 
icant  in  magnitude  and  are  present  from  RT  to  operating  temper¬ 
ature,  the  temperature  behaviour  of  the  biaxial  fracture  strain 
(cfrac.biax  =  tffrac,biax(  1  -  v)jE)  is  considered  as  well  and  shown  in 
Fig.  3.  For  6ScSZ  and  6SclCeSZ  the  RT  level  is  maintained  until 
T  =  450  °C,  from  where  it  then  drops  down  to  50%  at  850  °C.  3YSZ 
behaves  similarly  but  begins  its  decay  already  at  T  =  250  °C.  Again 
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Fig.  2.  Temperature  dependent  fracture  toughness  normalised  to  room  temperature 
values,  including  the  normalised  toughness  of  3YSZ  at  950  °C  taken  from  Ref.  [24]. 


lOSclCeSZ  shows  a  complete  different  trend.  Its  strength  minimum 
at  450  °C  is  overcompensated  by  the  Young's  modulus  and  turns 
into  a  maximum,  while  it  retains  at  850  °C  90%  of  its  RT  fracture 
strain. 


3.3.  Strength  at  high  temperature  affected  by  sub  critical  crack 
growth 


If  strength  determining  flaws  are  accessible  by  moisture  which 
is  omnipresent  in  environmental  air,  these  flaws  tend  to  grow 
subcritically  if  a  stress  below  the  respective  fracture  stress  is 
applied.  Thus  the  strength  itself  becomes  dependent  on  the  time 
under  load,  which  leads  to  a  limited  lifetime.  Since  the  perspective 
operating  time  of  a  fuel  cell  can  be  up  to  eight  years  including 
several  thermo  cycles,  while  being  subjected  to  humid  environ¬ 
ments  on  both  sides,  this  effect  has  to  be  measured  for  varying 
temperatures.  Typically  SCCG  is  described  via  the  crack  growth  rate 
da/dt  of  a  crack  or  a  flaw  with  the  size  a,  which  typically  follows  a 
Paris  law  in  the  form  of: 


da 

dt 


where  Vo  is  the  reference  velocity,  which  is  the  crack  growth  rate 
when  the  applied  stress  intensity  factor  Ks pp  reaches  the  fracture 
toughness  J<jc.  n  is  the  so  called  crack  growth  exponent,  which  is 
lower  the  more  sensitive  a  material  is  to  moisture.  Since  /Capp  de¬ 
pends  not  just  on  the  applied  stress  erapp  but  also  on  the  crack  size  a, 
expressed  by  the  Griffith  criterion: 


Fig.  3.  Biaxial  fracture  strain  normalised  to  the  RT  values  for  different  zirconia  com¬ 
pounds  and  varying  temperature. 


f^app  —  tf’app^  s/tcQ 


with  Y  being  the  geometry  factor  of  the  crack,  which  was  set  to 
Y  =  0.85  to  reflect  semi-elliptical  surface  cracks  [28],  which  remains 
independent  of  the  crack  size  for  small  cracks.  This  phenomenon 
can  now  be  described  by  the  two  parameters  v0  and  n,  which  have 
to  be  determined  for  a  defined  temperature  and  humidity.  By 
inserting  Equation  (6)  in  Equation  (5)  a  differential  equation  is 
obtained.  If  the  applied  stress  is  constantly  increased  with  the  load 
rate  &,  following  expression  can  be  derived  [1]: 


lOg  (Tf 

1 

n  + 1 


log<r  + 


21<l(n  +  l) 
n  +  1  l  vqtzY2  (n  —  2) 


1 


log 


,7.(n-2) 

inert 


with  <7inert  being  the  inert  strength  in  the  absence  of  the  SCCG  effect 
and  Gf  the  fracture  stress.  By  measuring  the  strength  as  a  function  of 
the  load  rate,  it  is  possible  to  determine  the  crack  growth 
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parameters.  For  the  four  zirconia  compounds  investigated  in  the 
present  study  these  parameters  have  been  already  published  at  RT 
for  different  humidity  levels  by  Fleischhauer  et  al.  [13  .It  was  found 
that  already  at  RT  the  strength  is  affected  drastically  by  SCCG  even 
in  small  time  scales.  In  the  present  study,  6ScSZ  has  been  chosen  to 
investigate  how  this  effect  changes  with  temperature  by  measuring 
the  strength  as  a  function  of  the  load  rate  while  keeping  the  ab¬ 
solute  humidity  constant  at  a  partial  pressure  of  pH2o  =  115  mbar 
(43%  relative  humidity  at  T  =  22  °C)  and  applying  the  same  data 
analysis  procedure  as  in  Ref.  [13  .  The  constant  humidity  was 
ensured  by  bubbling  a  dry  argon  (80%)/oxygen  (20%)  mixture 
through  a  saturated  aquatic  I<2C03-solution  kept  at  T  =  22  °C  and  is 
supposed  to  represent  environmental  air.  The  results  including  the 
data  at  RT  taken  from  Ref.  [13]  are  shown  in  Fig.  4. 

At  T=  250  °C  the  strength  shifts  to  greater  values,  which  leads  to 
a  strengthening  of  6ScSZ  at  elevated  temperatures,  while  being 
subjected  to  humid  environments.  This  phenomenon  has  not  been 
reported  before  in  literature  and  is  at  this  point  not  soundly  un¬ 
derstood.  Interestingly  this  effect  apparently  requires  a  certain  time 
under  load,  as  no  strength  increase  has  been  found  for  the  samples 
tested  at  a  very  high  load  rate  of  1  GPa  s-1,  although  they  were  held 
equally  long  compared  to  the  other  samples  at  250  °C  prior  to  the 
test.  It  is  also  remarkable  that  the  crack  growth  exponent  just 
significantly  changes  at  T  =  450  °C  towards  a  much  lower  value.  At 
T  =  650  °C  instead  of  a  continuous  strength  decay  a  formation  of  a 
threshold  strength  ath  is  recognisable,  which  at  T=  850  °C  is  even  at 
the  level  of  the  inert  strength.  For  the  rough  side  of  3YSZ  the 
threshold  strength  at  T  =  650  °C  and  a  partial  water  vapour  pres¬ 
sure  of  pn2o  =  8  mbar  (30%  relative  humidity  at  T  =  22  °C)  has  been 
determined  to  be  (7th,650  °c  =  797  MPa  (<7inert,650  °c  =  840  MPa), 
while  at  850  °C  no  significant  crack  growth  occurred  as  well. 

Hence  the  effect  of  SCCG  becomes  very  limited  at  higher  and  for 
the  operation  of  SOFCs  rather  relevant  temperatures.  This  trend  has 
been  already  reported  for  3YSZ,  8YSZ  and  also  for  magnesia 
partially  stabilized  zirconia  by  Alcala  and  Anglada  [5  ,  Choi  [29]  and 
Davidson  et  al.  [30],  respectively  and  leads  to  the  general 
assumption  for  zirconia  compounds  that  at  temperatures  greater 
than  800  °C  no  significant  humidity  related  SCCG  occurs. 

4.  Discussion 

Having  determined  the  strength  distribution,  the  temperature 
dependence  and  the  SCCG  parameter,  it  is  finally  possible  to 


Fig.  4.  Strength  dependence  on  the  load  rate  of  6ScSZ  at  varying  temperatures 
including  the  respective  inert  strength  levels,  SCCG  parameter  and  observed  threshold 
strength  at  T  =  650  °C  and  T  =  850  °C.  The  inert  strength  is  determined  at  a  loading 
rate  close  to  1  GPa  s-1. 


compare  and  assess  the  investigated  zirconia  compounds  regarding 
their  strength  in  humid  environments  for  different  temperatures.  If 
no  SCCG  occurs  the  strength  o  is  a  function  of  the  required  failure 
probability  and  the  loaded  surface  area  and  can  be  described  via  the 
standard  Weibull  distribution  [1  : 


a(S,P,T)=  (8) 

where  the  temperature  dependency  is  expressed  through  the 
characteristic  strength  do,  which  can  be  obtained  from  RT  values  by 
applying  Equation  (3).  If  SCCG  has  to  be  taken  into  account,  the 
respective  time  dependent  strength  is  obtained  by  the  combination 
of  Equations  (5-6)  and  (8)  and  becomes: 


n(T)-2 


tf'stat  (7\S,  P,  tf)  — 
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with  the  reference  velocity  Vo  and  the  crack  growth  exponent  n 
being  temperature  dependent  as  well.  If  SCCG  reaches  a  threshold, 
Equation  (8)  is  applied  again  inserting  the  respective  time  inde¬ 
pendent  threshold  strength  instead  of  the  inert  strength.  Taking  the 
strength  data  of  the  dull  sides  (side  of  the  cast  tape  which  was 
opposite  to  the  support  foil)  of  commercial  3YSZ,  6ScSZ  and 
lOSclCeSZ  tapes  from  a  previous  study  13],  given  in  able  3,  the 
influence  of  temperature  and  SCCG  can  be  quantitatively  assessed 
for  a  given  system  and  its  respective  load  environment.  To  give  an 
example  how  these  different  dependencies  influence  the  strength, 
the  load  environment  of  the  p-CHP  (small  scale  combined  heat  and 
power  plant)  Galileo  1000  N  of  Hexis  AG  (Winterthur,  Switzerland) 
[31]  is  considered  for  further  discussion,  which  has  been  described 
in  a  previous  study  [27  .  At  T  =  850  °C  it  is  assumed  that  the  peak 
loads  are  caused  by  thermal  stresses,  which  effectively  load  a  sur¬ 
face  area  S  of  approximately  10  cm2  of  the  total  cell  area  of  200  cm2. 
For  simplicity  the  same  area  is  kept  constant  for  varying  temper¬ 
atures.  As  one  single  failed  cell  might  harm  a  whole  stack  and  can 
lead  to  significant  performance  losses,  a  required  failure  probability 
P  of  1:10,000  is  assumed,  which  means  that  in  average,  roughly 
every  hundredth  stack  might  contain  a  failed  cell.  The  prospective 
operating  time  of  the  stack  is  8  years,  of  which  the  system  remains 
idle  between  0  and  50%  of  the  time,  depending  on  the  heat  demand. 
Therefore,  a  lifetime  tf  of  four  years  is  considered  for  RT,  while  at 
T  =  850  °C  no  time  dependent  strength  decay  is  expected.  Ac¬ 
cording  to  Equations  (8)  and  (9)  the  respective  strength  of  the  three 
zirconia  compounds  is  shown  in  Fig.  5  including  the  90%  confidence 
intervals. 

Apart  from  the  thermal  stresses,  residual  stresses  and  clamping 
loads  are  also  present  at  all  times,  thus  also  during  thermo  cycling. 
Hence  the  strength  of  6ScSZ  is  plotted  also  for  250  and  450  °C  ac¬ 
cording  to  Equation  (9)  assuming  a  lifetime  of  twenty  days,  which  is 
a  rough  and  conservative  estimation  of  the  cumulated  time  the 
electrolyte  is  subjected  to  SCCG  at  the  respective  temperature 
during  cooling  down  and  heating  up,  as  one  complete  thermo  cycle 
requires  one  day,  assuming  twenty  cycles  during  8  years.  At  650  °C 
the  threshold  strength  observed  for  3YSZ  and  6ScSZ  is  translated 
analogue  to  Equation  (4)  into  a  threshold  stress  intensity  factor  /<j)th, 
below  which  no  SCCG  occurs,  applying  the  respective  inert  strength 
and  the  corresponding  fracture  toughness  at  650  °C.  Again 
following  Equation  (4)  the  RT  strength  given  in  Table  3  can  be 
translated  into  the  SCCG  affected  strength  at  650  °C  applying  the 
threshold  J<jth  instead  of  the  fracture  toughness.  The  strength  of 
3YSZ  at  450  °C  is  given,  using  the  /<j  th  =  2.2  MPa  mA  at  450  °C  given 
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Table  3 

Selection  of  strength  and  SCCG  data  at  RT  used  for  further  discussion  taken  for  8YSZ  from  Ref.  [32]  and  the  other  compounds  from  Ref.  [13  .  The  values  given  in  the  brackets  are 
the  90%  confidence  intervals. 


Characteristic 
strength  a0  (MPa) 

Weibull 
modulus  m 

Reference  surface 
area  S0  (mm2) 

Crack  growth 
exponent  n 

Reference  velocity 
v0  (m  s"1) 

3YSZ 

1433  (1501  [1369) 

10  (15  7.2) 

15 

55 

0.09 

6ScSZ 

1126  (1153  1100) 

11  (13.6  9.2) 

18 

54 

0.9 

lOSclCeSZ 

1136  (1168  1106) 

12  (15.0  9.2) 

0.025 

37 

0.004 

8YSZ 

446a  (468  425) 

6.7  (8.4  5.2) 

9b 

— 

— 

8YSZ  (900  °C) 

282  (296|268) 

8  (10.7|5.7) 

gb 

— 

— 

a  Taken  as  inert  strength,  although  measured  in  humid  air. 
b  Values  roughly  estimated,  as  they  are  not  explicitly  given. 


by  Ref.  [5  ,  while  the  respective  strength  of  8YSZ  at  RT  and  900  °C  is 
given  as  comparison  and  taken  from  Ref.  [32].  Among  all  the  pub¬ 
lished  data,  this  data  shows  until  now  the  highest  achievable 
strength  at  high  temperatures  for  this  compound  and  is  at  the  same 
time  the  most  dependable  since  it  was  obtained  testing  30  and  20 
specimens,  respectively  applying  a  low  friction  high  temperature 
RoR  set  up,  which  ensured  a  high  level  of  accuracy.  The  RT  SCCG 
affected  strength  was  calculated,  using  the  threshold  stress  in¬ 
tensity  factor  I<\  th  =  0.72  MPa  m/2  and  the  fracture  toughness  of 
/Cic  =  1.51  MPa  rn/2. 

When  taking  SCCG  into  account  the  strength  over  the  temper¬ 
ature  of  3  YSZ  and  6ScSZ  does  not  show  a  monotonic  decay  as  for  the 
inert  strength  depicted  in  Fig.  2.  At  T=  450  °C  the  strength  becomes 
comparable  with  that  at  T  =  850  °C,  while  it  rises  again  when 
coming  to  lower  temperatures.  Considering  lOSclCeSZ,  it  is 
revealed,  that  SCCG  leads  to  a  lower  strength  at  RT  than  at  850  °C, 
where  it  surprisingly  even  reaches  up  to  the  levels  of  the  tetragonal 
zirconia  compounds.  8YSZ  on  the  other  hand  appears  to  be  the 
weakest  of  the  common  zirconia.  Comparing  the  strength  to  the 
magnitude  of  thermal  stresses  which  are  expected  to  rise  due  a 
generally  given  inhomogeneous  temperature  distribution 
throughout  the  cell  and  which  are  typically  in  the  range  of 
50-60  MPa  16,27,33,34],  it  is  revealed  that  8YSZ  is  not  suited  for 
the  application  in  electrolyte  supported  fuel  cells. 

To  evaluate  the  risk  of  cell  failure  the  strength,  which  can  be 
interpreted  as  a  design  stress,  is  plotted  for  6ScSZ,  lOSclCeSZ  and 
3YSZ  at  RT,  assuming  again  four  years  of  lifetime  and  at  850  °C 
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Fig.  5.  Strength  of  different  zirconia  tapes  including  the  90%  confidence  intervals  at 
varying  temperatures  for  S  =  10  cm2  and  P  =  0.0001,  taking  SCCG  for  different  lifetimes 
into  account. 


versus  the  failure  probability  for  varying  loaded  surface  areas,  as 
shown  in  Fig.  6.  Assuming  again  thermal  stresses  in  the  range  of 
50-60  MPa  the  depicted  zirconia  compounds  show  a  high  reli¬ 
ability  even  with  loading  surface  areas  as  large  as  100  cm2.  Inter¬ 
estingly  the  differences  between  the  three  materials  at  850  °C  are 
small  if  not  negligible  considering  the  confidence  intervals  given  in 
Fig.  5.  Next  to  thermal  stresses  the  electrolyte  is  also  subjected  to 
stresses  due  to  the  clamping,  as  the  contact  between  the  metallic 
interconnect  (MIC)  and  the  cell  is  never  perfectly  flat  and  leads  to 
local  bending,  and  residual  stresses  due  to  thermal  mismatch  of  the 
cell  components.  The  residual  stresses  are  small  at  operating  tem¬ 
peratures,  while  they  increase  if  the  cell  is  cooled  down  to  RT, 
putting  the  electrolyte  under  a  slight  compressive  load  (~20  MPa) 
[27,35  .  Hence  the  residual  stresses  can  be  neglected  for  further 
discussion.  Stresses  due  to  clamping  on  the  other  hand  can  become 
significant  and  might  lead  to  local  damage  [27].  Fig.  6  can  now  be 
used  to  reveal  the  allowed  magnitude  of  clamping  stresses.  For 
3YSZ  and  6ScSZ  the  respective  analysis  just  has  to  be  made  at 
operating  temperatures,  since  the  strength  at  RT  is  significantly 
higher.  Depending  on  the  tolerated  risk  of  failure  and  the  area 
where  the  peak  stresses  (superposition  of  all  expected  loads)  act  on, 
stresses  apart  from  thermal  stresses  (assumed  to  be  ~50  MPa)  can 
reach  between  50  and  150  MPa.  For  lOSclCeSZ  the  difference  in 
strength  between  RT  and  850  °C  is  roughly  the  amount  for  the 
reported  thermal  stresses,  hence  the  allowed  clamping  loads  for 
this  material  have  to  be  oriented  on  the  RT  strength  level,  which 
results  in  a  similar  range  of  50-150  MPa  as  for  the  tetragonal 
compounds.  Hence  according  to  the  strength  data  given  in  "able  3, 
the  highly  conductive  lOSclCeSZ  compound  can  be  regarded  as 
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Fig.  6.  Strength  of  lOSclCeSZ,  3YSZ  and  6ScSZ  versus  failure  probability  for  different 
considered  loaded  surface  areas  at  RT  and  850  °C.  Also  plotted  are  the  respective  points 
given  in  Fig.  5. 
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competitive  compared  to  3YSZ  and  6ScSZ  from  a  reliability 
perspective. 

5.  Conclusion 

(i)  The  change  of  strength  of  the  tested  zirconia  compounds 
with  temperature  can  be  attributed  solely  to  the  change  of 
the  fracture  toughness,  so  that  any  given  RT  strength  can  be 
translated  into  the  respective  strength  at  elevated 
temperatures. 

(ii)  The  tetragonal  zirconia  compounds  have  similar  monotonic 
temperature  decay  of  their  inert  strength,  while  the  cubic 
lOScl  CeSZ  shows  a  minimum  at  450  °C.  The  minimum  of  the 
inert  fracture  strain  lies  for  all  compounds  at  850  °C. 

(iii)  At  850  °C  SCCG  does  not  affect  the  strength  of  these  zirconia 
compounds,  while  6ScSZ  shows  the  greatest  sensitivity  at 
450  °C.  Taking  SCCG  into  account,  the  temperature  behaviour 
of  the  strength  becomes  more  complex  and  depends  basi¬ 
cally  on  the  required  lifetime  of  the  component  at  each 
temperature  it  is  exposed  to.  This  also  highlights  the 
importance  of  the  determination  of  the  inert  strength,  as  it  is 
crucial  to  calculate  the  strength  degradation  and  corre¬ 
spondingly  the  lifetime. 

(iv)  Based  on  the  requirements  associated  with  the  operating 
conditions  of  the  Galileo  1000  N,  it  was  found  that  it  is  suf¬ 
ficient  to  assess  the  reliability  of  the  tetragonal  zirconia 
compounds  just  at  the  operating  temperature,  whereas  for 
lOScl  CeSZ  at  least  the  stress  environment  at  RT  has  to  be 
considered  as  well,  since  its  fracture  strain  and  stress  was 
found  to  be  lower  at  RT  than  at  850  °C. 

(v)  Based  on  the  strength  data  of  a  previous  study,  the  overall 
stress  levels  that  the  electrolyte  experiences  while  main¬ 
taining  a  level  of  reliability  has  to  be  limited  between  100 
and  200  MPa,  depending  on  the  specifics  of  the  respective 
system,  which  appears  feasible.  It  was  further  found  that 
lOScl  CeSZ  can  be  regarded  as  competitive  compared  to 
6ScSZ  and  3YSZ. 

(vi)  The  Ball-on-3-Balls  bending  test  proves  to  be  very  suitable  to 
characterise  material  specific  properties  such  as  the  change 
of  strength  with  temperature  or  the  determination  of  the  sub 
critical  crack  growth  parameter,  as  it  is  very  accurate  and 
requires  only  small  samples  with  a  rectangular  shape. 
Additionally  any  gaseous  media  can  easily  be  applied  during 
testing,  to  ensure  a  defined  environment. 
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